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Abstract 
This study is an initial investigation of the effects of cross wind – topography interaction on the seepage of a deep 
source of CO2 through the vadose zone and into the atmosphere. Interaction of the crosswind and the topography is 
one element in a list of atmosphere-induced effects, which also include barometric pumping and atmospheric 
boundary layer effects. A cross wind over a hill-like topography will create a significant variation in surface 
pressure. Simulations show how the surface pressure variations induce underground currents that increase the flux of 
CO2 between the subsurface and the atmosphere, and alter the paths followed by the migrating CO2. Water table 
depth, crosswind speed, and topographic height were varied to see how they would affect the distribution of surface 
seepage. 
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1. Introduction 
To successfully perform geologic sequestration on a large scale, operators, regulators, and the public will need to 
be assured that carbon dioxide will be stored safely. The development and use of modeling and monitoring 
technologies will play a critical role in the success of these efforts. For the establishment of a reliable near-surface 
and surface monitoring networks, the designers need to be able to predict the movement of CO2 and other fluids 
within the vadose zone, which is a very dynamic system. This dynamic behavior originates from phenomena such as 
groundwater flow, activities of various living organisms (including plants, burrowing animals, and microorganisms), 
and fluid exchange with the atmosphere. Thus an understanding of how the critical processes in this dynamic system 
affect the leakage of CO2 at the surface is needed for prediction of the fate of the CO2. 
 
Among the effects of atmosphere on vadose zone flow are the barometric pumping effect and the atmospheric 
boundary layer effect. The former effect relates to the diurnal changes of ambient pressure due to change in the 
temperature, as well as pressure changes due to weather systems such as mid-latitude cyclones. This variation in 
pressure at the surface acts as a suction-pump on the underground [1]. Especially during the hours of rapid 
temperature change, this effect can bear significant results. The atmospheric boundary layer effect relates to the 
interaction of the ground surface with the wind. The layer of the atmosphere nearest the ground forms an enhanced 
mixing layer due to its turbulent character, which increases the rate of seepage into the atmosphere [2]. 
 
In the present study, a third effect of the atmosphere is studied. In the case of a cross wind over a hill-like 
structure, a non-uniform pressure distribution will act at the ground surface. This non-uniform pressure distribution 
induces underground currents that effect the gas movement therein. For example, the surface pressure is a minimum 
around the crest and a relative maximum around the skirts of the hill. Thus, a significant pressure gradient forms at 
the surface. An underground air current originating from the skirts of the hill running towards the top induces a 
chimney effect by which a significant portion of the leaking CO2 is directed towards the summit of the hill. If it had 
not been for this crosswind, the leakage would express itself only at the skirts of the hill, due to the negative 
buoyancy of the CO2. 
2. Methodology 
In studying the effect described above, computer simulations are made with the TOUGH2 software using the 
EOS7CA module. This module handles the water-air-CO2 equations of state in the near surface. The initial 
conditions of the computational domain are formed by gravitational settling under the uniform or non-uniform 
surface pressure as imposed by the wind conditions. The effect of the wind is simulated by making use of potential 
flow theory [3], which excludes viscous effects. Potential flow theory provides, in this case, the pressure distribution 
at the earth’s surface, and these values become the boundary conditions for the subsurface simulations.  
 
The present study is composed of computer simulations of the migration of a hypothetical CO2 leak in the vadose 
zone under a fictitious, hill-like topography (Fig. 1). The leakage is set to be 1.929x10-4 kg/s (16.67 kg/day) and 1.5 
m below the water table, and is traced through a generic soil in a parametric study. The details of the parametric 
study are presented in Table 1. 
 
In most real flow cases over a given object, there forms a separation zone on the parts that are not facing the 
wind. This ubiquitous behavior cannot me captured by the potential flow theory. On the other hand, performing full-
size flow simulations to capture such behavior is far beyond the scope of the present study. As reconciliation for this 
study, the separation zone is imposed behind the hill structure by intuitively changing the surface pressure values 
(see the asymmetric pressure distribution in Fig. 2). 
 
The steps followed in the simulations are as follows. First, the 200 m wide, 2D planar domain is initialized under 
gravity without any winds imposed on the top boundary. Then, the influence of the wind is imposed on the top 
boundary through the pressure distribution over the hill surface. The code is run until a steady state is reached with 
the new boundary conditions. This steady state is used to set the initial conditions for the leakage simulation under 
2342 E. Ogretim et al. / Energy Procedia 1 (2009) 2341–2348
 Author name / Energy Procedia 00 (2008) 000–000 3 
the wind conditions. Then, the leakage is started at the specified depth. The leakage is simulated for one year. 
Although in an actual setting, the wind is inherently unsteady, in the present simulations, a continuous wind with a 
yearly average velocity is used.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 Depiction of the computational domain. 
Table 1 Details of the parametric study 
Parameter Number of Cases Conditions 
Water table depth from plane surface 2 1.8 m, 10 m 
Wind speed 3 0 m/s, 2 m/s, 10 m/s 
Hill aspect ratio (max. height/base) 2 0.19 with 24 m base,  
0.4 with 40 m base 
Injection location 5 Before and After Stagnation, 
Under suction peak, 
Before and After Separation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Variation of local static pressure on the hill surface. 
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2.1. Pressure boundary condition 
As stated above, the influence of the wind is imposed on the domain through the use of pressure variation over 
the hill surface. Both the hill geometry and the consequent pressure variation over the hill are obtained from the 
potential flow theory [3]. Rankine ovals, which can be considered as a hill structure with the proper size 
adjustment, were employed to generate the desired geometry and the pressure values at the surface. The geometry 
of the oval is given by the following set of formulae: 
l=(ma/πU+a2)1/2  Eqn. 1 
h=(h2-a2)/2a * tan(2πUh/m)  Eqn. 2 
The x-y pairs that define the surface geometry are obtained by setting the value of the stream function, ψ, to zero 
in the following expression: 
ψ=Uy-m/2π * tan-1[2ay/(x2+y2-a2)]  Eqn. 3 
The same stream function is utilized to obtain the velocity components by taking partial derivatives and inserting 
the x-y coordinates of the surface locations: 
x-velocity u=∂ψ/∂y Eqn. 4 
y-velocity v=-∂ψ/∂x Eqn. 5 
The corresponding pressure distribution is obtained by making use of the Bernoulli equation: 
Pamb+1/2ρ(Vwind)2= Plocal+1/2ρ(Vlocal)2  Eqn. 6 
The ambient pressure and the wind velocity are imposed by the specifications of the case, and the square of the 
local velocity is obtained by the sum of the squares of the local x and y velocities. Therefore, the only unknown 
in this equation is the local pressure. The local pressure values can be solved at the desired locations along the 
hill surface. These values are then imposed on the top boundary cells of the simulation domain. 
2.2. Sub-surface modeling 
For the handling of the transport phenomena, TOUGH2 version 2 is used along with the EOS7CA module that 
can handle air-water-CO2-brine mixtures in the shallow subsurface. The generation and manipulation of the 
computational domains and grid are handled by PETRASIM software. For the two hill geometries used in this 
study, a depiction is shown in Fig. 1. 
 
At the end of the simulations, extracting the desired data from the output files and reformatting them is done by 
an in-house postprocessor. This refined output data is then used to generate the flooded contour plots and the 
surface seepage variation plots. 
 
A single type of soil is used to fill the entire domain, in order to eliminate the complications in the analysis of the 
results. The values of the soil properties are from the ZERT Montana site [4], as they represent realistic field 
values, and the authors had previous experience with this soil type (Table 2).  
3. Results 
The parametric study leading to this paper includes more cases than can be discussed here. For the sake of 
brevity, only few cases that are representative of the overall results will be discussed.  
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Table 2 Soil properties 
Property Value 
Porosity 0.35 
Isotropic permeability 3.2D 
van Genuchten-Mualem Model Relative Permeability 
λ=0.627, Slr=0.12, Sls=1.0, Sgr=0.05 
van Genuchten Function Capillary Pressure 
λ=0.627, Slr=0.1, 1/Po=1.48e-3, Pmax=5.0e5, Sls=1.0 
3.1. Effect of water table depth 
The negatively buoyant CO2, due to its relative high density compared to usual soil gas, is forced to spread 
laterally in the vadose zone. The distance between the ground surface and the water table is important in 
determining how far the CO2 plume will spread laterally. Accordingly, when a shallow (Fig. 3) and a deep water 
table case (Fig. 4) are compared, the deep water table case manifests a more distributed behavior. However, for both 
cases, when there is no wind included in the simulation, there is a significant seepage from the skirts of the hill. This 
seepage is even more pronounced in the deep water table case, since there is more CO2 supply to the skirts due to 
higher lateral spread. Nevertheless, some CO2 diffuses through the top portions of the hill as well. Note that the 
spiky seepage distribution over the main structure of the hill (not the spikes at the onset and end of the hill) are due 
to the stair-stepping of the computational grid, and are smoothened as the grid is refined. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Seepage from below the suction peak for the shallow water table case under the small hill.  
3.2. Effect of crosswind speed 
When the wind is imposed on the cases in Figures 3 and 4, the seepage around the summit increased 
dramatically. Consequently, the seepage from the skirts of the hill is decreased. When comparing these figures, it is 
seen that this increase-decrease effect is more pronounced as the wind speed increases. This effect can be 
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understood by studying Eqn. 6 and Fig. 2. The drop in the static pressure imposed on the summit surface is inversely 
proportional to the increase in the local wind speed. The lower static pressure at the summit surface induces a 
stronger underground current, by which more CO2 is sucked towards the top of the hill. This is very much like a 
chimney behavior. By the same effect, the increased static pressure at the skirts of the hill either reduces or totally 
suppresses the seepage from these locations. Thus, the wind speed determines to what level the seepage from the 
skirts of the hill is suppressed, and to what level the leakage will be sucked towards the top of the hill. 
 
 
 
 
 
 
 
 
 
Fig. 4 Seepage from below the suction peak for the deep water table case under the small hill. 
3.3. Effect of topographic height 
For the static case, a higher hill means a thicker vadose zone. As a result, the diffusive force that can potentially 
take the CO2 plume to the hill surface faces a stronger buoyancy barrier before the CO2 plume. By comparing Fig. 4 
and Fig. 5, it is seen that the latter, which is the case with the bigger hill, results in a more dramatic spike at the 
skirts of the hill. Note that this spiky behavior in seepage distribution is due to the imposed hill geometry that has an 
abrupt start and end. In an actual setting, a rather gradual build-up would be present in the topography, hence a 
smoother and more distributed seepage on the skirts.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 Seepage from below the suction peak for the deep water table case under the big hill. 
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Given the same wind conditions, different topographies are going to have a different variation of static pressure 
at their surface. As a general rule, the wind accelerates proportional to the height of the obstacle it is blowing 
around, and the static pressure distribution is inversely affected (Fig. 2). However, there are 3D effects and viscous 
effects that will change this behavior in an actual case. Within the framework of this study, i.e. 2D potential flow, 
the big hill case resulted in more significant suction effect, hence the chimney effect (Fig. 6). 
3.4. Effect of leakage location 
The initial location of the leakage determines the kind of underground current the leakage is subject to. In the 
case of a crosswind, we can identify 5 major areas, as described in Table 1 and as shown in Fig. 1. The leakage 
before the stagnation zone is exposed to an underground current that can partially take the plume away from the hill, 
depending on the wind speed. Similarly, a leakage right after the stagnation zone (Fig. 6) is likely to be swept 
towards the summit, again depending on the wind speed. The leakages before and after the separation zone are not 
much affected compared to a no-wind case, since the resultant pressure change is not strong enough to make a 
difference. However, a leakage right below the suction zone is captured by the chimney effect and directed towards 
the summit of the hill (Fig. 7). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 Flooded contours of mass fraction of CO2 in the gas phase and the streamlines underground for the 10 m/s crosswind over the big hill. 
Leakage is after the stagnation zone. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 Flooded contours of mass fraction of CO2 in the gas phase and the streamlines underground for the 10 m/s crosswind over the big hill. 
Leakage is below the suction peak. 
4. Conclusions 
This is a study to determine if a cross wind could have a significant effect on the seepage characteristics of a 
potential CO2 leak. The findings in the present study confirm that the presence of an above-ground crosswind over a 
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hill surface does affect the transport phenomena in the vadose zone. However, these results should be recognized in 
the light of what they are – an initial study. Several other factors could affect the seepage of CO2 around and 
through a hill, including soil heterogeneity, the existence of perched water tables, and the duration and direction of 
wind. Additionally, there are several avenues of improvement needed in the structure of the simulations. As far as 
the above-ground is concerned, a 3D wind simulation is necessary over a 3D geometry. On top of that, viscous 
effects need to be included to capture more realistic behavior. These are going to ensure that more realistic pressure 
distributions are used as the boundary condition for the underground simulations. Use of real sizes geometries and 
real soil layering data will serve the improvement of both the aboveground and the underground. Last but not the 
least, in the simulations that were used for this study, the wind speed was assumed to be constant at a yearly average 
value. Therefore, using a more realistic wind speed distribution over time will significantly improve the 
understanding of the subsequent effects. 
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